Abstract. Glioblastomas are highly vascularized tumors and anti-angiogenic strategy is one of the most promising therapeutic approaches to treat brain tumors. Interferon · (IFN-·) as a single agent or combined with standard chemotherapy has been shown to inhibit various tumors, but the effect of combination anti-angiogenic therapy on brain tumors has not been well studied. We determined the optimal dose and schedule of pegylated IFN-· (PEG-IFN-·) against U-87MG human glioblastoma cells growing orthotopically in nude mice, since several clinical trials reported that PEG-IFN-· administered at higher or lower doses was less effective. The group treated two times per week with injections of 10 KU of PEG-IFN-· for 4 weeks showed significant decreases in cell proliferation and angiogenesis. Moreover, the optimal dose and schedule of PEG-IFN-· determined in this study and combined with paclitaxel treatment potently inhibited tumor growth in vivo. The mechanisms of the significant therapeutic effects were most likely caused by directly inhibiting cell proliferation and angiogenesis, and rendering apoptosis increased. Specifically PEG-IFN-·/paclitaxel combination induced apoptosis of tumor-associated endothelial cells more than that of tumor cells. These results suggest that optimal biological dosage and scheduling of PEG-IFN-· and paclitaxel combination is a potent strategy for glioblastoma patients as a new synergistic anti-endothelial treatment.
Introduction
Glioblastoma is the most common type of primary malignant brain tumor (1) . Following surgical resection or biopsy, adjuvant radiation and chemotherapy are moderately effective in prolonging time to recurrence and survival, yet aggressive conventional therapies are only modestly effective at the time of recurrence (2) . Therefore, the search for new agents and innovative approaches for this disease became important.
IFNs are a family of natural glycoproteins with antiviral activity (3) . Studies have revealed that IFNs are multifunctional through a combination of direct activities and indirect immune-mediated effects (4) . IFNs also regulate cell proliferation, differentiation, and development (5-7) and directly inhibit the proliferation of tumor cells of various histological origins (8) (9) (10) .
IFN-· down-regulates the expression of the proangiogenic molecules, such as basic fibroblast growth factor (bFGF) (11, 12) , IL-8 (13) , and matrix metalloproteinase (MMP)-2 and -9 (14, 15) and inhibits the motility of vascular endothelial cells in vitro (16) and angiogenesis in vivo (17, 18) . Gliomas are highly vascularized tumors (19) with extremely elevated levels of numerous proangiogenic factors (20) (21) (22) . Inhibiting the sprouting of new capillaries from preexisting blood vessels is one of the most promising therapeutic approaches for gliomas. In addition, IFN-· combined with other anti-angiogenic drugs has been shown to inhibit tumor growth in ovarian carcinoma (23) but the effects of combination anti-angiogenic therapy on brain tumors has not been well studied.
Several clinical trials have investigated the use of natural and recombinant IFN-· as a single agent or combined with standard chemotherapy and showed various responses. In analyzing the results of treatment programs for cancer, optimization of biological dose and scheduling of IFN-· are important (24, 25) . We used PEG-IFN-· in this study; it is a potent, long-lasting form of IFN-· designed to enhance its pharmacokinetic characteristics and reduce immunogenicity. A phase I study has demonstrated the potential efficacy of PEG-IFN-· in renal cell carcinoma (26) . However, PEG-IFN-· administered at higher or lower doses was less effective; repetitive daily dosing trials have shown some accumulation of toxicity, although experience is still greater with the daily schedule of administration (25) . Therefore, to produce maximal therapeutic effects, PEG-IFN-· must be administered at an optimal biological dose and schedule. The purpose of the present study is to reveal the synergistic effect of PEG-IFN-·/paclitaxel by analysis and determine the optimal biological dose and schedule of PEG-IFN-· alone and in combination with paclitaxel in a reliable, preclinical, in vivo model of human glioblastoma cells orthotopically growing in nude mice.
Materials and methods
Cell culture. U-87MG human glioblastoma cells (ATCC) were grown in Eagle's minimal essential medium (Cambrex) supplemented with 10% fetal bovine serum and antibiotics (Life Technologies).
Animals and orthotopic implantation of tumor cells. Specific pathogen-free male balb/c-nu mice were used. All animal work was approved by the Association for Assessment and Accreditation of Laboratory Animal Care International and in accordance with current regulations and standards of Laboratory Animal Research Center under Samsung Biomedical Research Institute. Orthotopic implantation of glioma cells was performed as described previously (27) . Briefly, balb/c-nu mice (6 weeks) were anesthetized with an intraperitoneal injection of 100 mg/kg ketamin and 10 mg/kg xylazine. The heads of the anesthetized mice were shaved and disinfected with a solution of 70% ethyl alcohol and povidone iodine. They were secured in a rodent stereotactic frame, and a hollow guide screw was implanted into a small drill hole made 2 mm left lateral and 1 mm anterior to the bregma (28) . U-87MG tumor cells (2x10 5 cells/5 μl of HBSS) were injected through this guide screw into the white matter at a depth of 2 mm through a 10-μl Hamilton syringe connected to the manipulating arm of the produced 7-stereotatic device.
Drug administration. PEG-IFN-· (pegylated IFN-·-2b) and Taxol (Paclitaxel) were obtained from Schering-Plough and Bristol-Myers Squibb Pharmaceuticals, respectively, and both were dissolved in PBS. To determine the optimal biological dose of PEG-IFN-·, tumor cells were orthotopically implanted and the mice were randomized into six groups (n=5 per group). PBS (control group) or 1, 5, 10, 25, and 125 KU of PEG-IFN-· was administered subcutaneously (s.c.) three times (on the 19th, 23rd, and 26th day after tumor cell inoculation). The mice were sacrificed on day 28, and the brain samples were used for immunohistochemistry for bFGF, vascular endothelial growth factor (VEGF), and MMP-9. To determine the effective treatment schedule of 10 KU of PEG-IFN-·, during 4 weeks after implantation of tumor cells, one group of mice (n=6) were treated with 10 KU of PEG-IFN-· two times per week for the entire 4 weeks and the other group (n=6) were treated for the last 2 weeks of the 4 week period. In the next set of combination treatment studies, the mice were randomized into four groups (n=6): PBS (control group), 10 KU of PEG-IFN-·, 200 μg of paclitaxel, or PEG-IFN-·/ paclitaxel combination. PEG-IFN-· and paclitaxel was administered two times per week for 4 weeks s.c. and intraperitoneally (i.p.), respectively.
Harvesting of specimens. The mice were sacrificed and their brains were removed and sectioned axially. One section was Figure 1 . Determination of the optimal biological dose of PEG-IFN-· in glioma xenografts. U-87MG glioblastoma cells were orthotopically implanted into mouse brains and then 1, 5, 10, 25, or 125 KU of PEG-IFN-· was administered s.c. three times, on the 19th, 23rd, and 26th day after tumor cell inoculation. The mice were sacrificed on day 28 and the brain samples were immunostained with anti-bFGF, anti-VEGF or anti-MMP-9 antibodies, respectively. Scale bar, 100 μm. fixed in 10% buffered formalin and embedded in paraffin, and the other was embedded in OCT compound (Miles, Inc.), frozen rapidly in liquid nitrogen, and stored at -70˚C. The tumor volume was calculated by measuring the section with the largest tumor portion and applying the formula: width 2 x length x 0.5.
Immunohistochemistry. Immunohistochemistry was performed as described previously (27) . The following antibodies were used to stain their respective antigens: rabbit anti-bFGF (Sigma Chemical Co.), rabbit anti-VEGF (Santa Cruz Biotechnology), rabbit anti-MMP9 (Chemicon), rat anti-mouse CD31/PECAM-1 (BD Pharmingen), mouse anti-PCNA clone PC 10 (Dako), peroxidase-conjugated anti-rat IgG (Jackson Immunoresearch), peroxidase-conjugated anti-rabbit IgG and biotinylated anti-mouse IgG (Vector), and biotinylated goat anti-rabbit IgG (Zymed). The DeadEnd fluorometric TUNEL system (Promega) was used to assay apoptosis. The other reagents were stable 3,3'-diaminobenzidine (Research Genetics), Gills hematoxylin (Polysciences), an ABC kit (Vector), and Target retrieval solution and Dako pen (Dako).
Quantification of immunostaining.
To quantify the immunohistochemical reaction intensities for bFGF, VEGF, and MMP, the cytoplasmic immunoreactivity (absorbance) was evaluated in five fields representing areas of highest staining intensity. Each field was evaluated by computer-assisted image analysis using Optimas software program (Bioscan; 29, 30) . For the quantification of immunostaining for PCNA and TUNEL assay, the number of stained cells was counted in ten random fields at magnification x400. For CD31, the number of stained cells was counted in ten random fields at a magnification of x200.
Data analysis and statistics.
Values are presented as means ± SE or ± SD. Statistical comparisons between groups were performed using Student's t-test, or Mann-Whitney test with Bonferroni's correction. Values of P<0.05 were considered statistically significant.
Results

Determination of the optimal biological dose of PEG-IFN-·.
To evaluate the most therapeutically efficacious dose of PEG-IFN-·, we examined the expression of angiogenic activators by PEG-IFN-· in human glioblastoma cells orthotopically growing in nude mice. Considering that gliomas are hypervascularized brain tumors and are dependant on angiogenesis for their growth, we examined the anti-angiogenic potential of PEG-IFN-· using immunohistological staining of the major angiogenic activators, bFGF, VEGF and MMP-9 ( Fig. 1) . U-87MG human glioblastoma cells were orthotopically implanted into mouse brains and then 1, 5, 10, 25, or 125 KU of PEG-IFN-· was administered s.c. three times, on the 19th, 23rd, and 26th day after tumor cell inoculation. Basic-FGF, VEGF and MMP-9 were strongly expressed in control tumors (0 KU). The expression of each was significantly decreased by treatment of 10 KU of PEG-IFN-·, while 25 or 125 KU of PEG-IFN-· showed robust expression similar to that of controls. Treatment with 10 KU of PEG-IFN-· led to an 18% (P<0.0001), 36% (P<0.0001), or 18% (P<0.0001) decrease in the intensity of bFGF, VEGF and MMP-9 immunostaining in tumor tissue relative to the controls, respectively (Fig. 2) .
Determination of the optimal biological schedule of PEG-IFN-·.
To determine the effective treatment schedule of 10 KU of PEG-IFN-·, after implantation of tumor cells, PEG-IFN-· at 10 KU was administered two times per week either for the entire 4 weeks or for the last 2 weeks of the 4-week treatment period. Compared to untreated control animals, PEG-IFN-· at 10 KU significantly decreased tumor uptake by 50% or 60% in 2 weeks versus 4 weeks treatment regimen, respectively. There were no signs of toxicity of drug administration, such as body weight loss (data not shown). The group treated with 10 KU of PEG-IFN-· for 4 weeks showed significant decrease of cell proliferation as compared with the group treated with PEG-IFN-· for 2 weeks (Fig. 3) . The number of proliferating cells stained with PCNA was decreased by 17% (P=0.0003) and 32% (P<0.0001) in 2 weeks and 4 weeks, respectively, in treated mice as compared with control mice. Next, we examined the decrease of tumor vascularization depending on the schedule of PEG-IFN-· using immunohistological staining of CD31 (Fig. 4) . The number of CD31-stained vessels was decreased by 29% (P=0.0002) and 61% (P<0.0001) in the 2-week and 4-week treated groups of mice as compared with the controls, respectively. These results demonstrate that treatment with 10 KU of PEG-IFN-· for 4 weeks reduced the tumor uptake, proliferation, and angiogenesis, suggesting an effective dose and schedule for PEG-IFN-·.
Synergistic therapy of PEG-IFN-· and paclitaxel.
We determined whether administration of the optimal biological dose and schedule of PEG-IFN-· combined with paclitaxel would produce additive or synergistic therapeutic effects. Tumor cells were orthotopically implanted into mouse brains and then the mice received PBS (control), 10 KU of PEG-IFN-·, 200 μg of paclitaxel, or PEG-IFN-·/paclitaxel combination. PEG-IFN-· plus paclitaxel was administered two times per week for 4 weeks s.c. and i.p., respectively. The average tumor volume in PEG-IFN-·-or paclitaxel-treated mice was 35% (P=0.04) or 36% smaller than that in control mice (Fig. 5) . The volume was significantly reduced by 56% in PEG-IFN-·/paclitaxel combination (P=0.006). These results demonstrate that PEG-IFN-·/paclitaxel combination was more effective in tumor growth inhibition than either PEG-IFN-· or paclitaxel alone.
As PEG-IFN-·/paclitaxel combination inhibited tumor mass, we examined cell proliferation, apoptosis and vessel density by immunostaining for PCNA, by TUNEL assay, and by immunostaining for CD31, respectively (Fig. 6 ). The number of strongly stained PCNA-positive cells seen in the control tumors was decreased in both PEG-IFN-·-and paclitaxel-treated mice, by 34% (P<0.0001) and by 19% (P=0.001) relative to the controls, respectively. PEG-IFN-·/ paclitaxel combination dramatically reduced the number of PCNA-positive cells by 62% (P<0.0001) (Fig. 7) . The number of apoptotic cells stained in the TUNEL assay was increased by treatment with either PEG-IFN-· (5.2-fold increase, P<0.0001) or paclitaxel (4.9-fold, P<0.0001) compared with the controls. PEG-IFN-·/paclitaxel combination enhanced the number of apoptotic cells 6.8-fold compared with the controls (P<0.0001). The number of CD31-stained vessels was reduced in either PEG-IFN-·-or paclitaxel-treated mice, by 26% (P=0.003) and by 32% (P=0.002) relative to the controls, respectively. PEG-IFN-·/paclitaxel combination dramatically decreased the number of vessels by 48% (P<0.0001). Synergistic effects between PEG-IFN-· and paclitaxel were observed in proliferation (P=0.002), apoptosis (P=0.006), and vessel density (P=0.006). These immunohistochemical data demonstrate that the inhibition of tumor growth observed in mice treated with 4 weeks of 10 KU of PEG-IFN-· plus paclitaxel was accompanied by a significant reduction of cell proliferation and tumor vascularization, and increase in apoptosis.
To determine the mechanism of PEG-IFN-·/paclitaxel combination, we examined whether tumor-associated endothelial cells underwent apoptosis using the CD31/TUNEL fluorescent double-labeling technique (31) (Fig. 8) . PEG-IFN-·/paclitaxel combination increased the percentage of apoptotic endothelial cells (yellow reactions) 5.7-fold compared with PEG-IFN-· alone (P=0.002) (Table IA) . Specifically, the percentage of apoptotic endothelial cells (%TUNEL+) was more than 15-fold of apoptotic tumor cells in mice treated with PEG-IFN-·/paclitaxel combination (Table IB) .
Discussion
We report that two times per week injections of 10 KU of PEG-IFN-· in combination with paclitaxel for 4 weeks into nude mice bearing orthotopically human glioblastoma cells inhibited angiogenesis and tumor growth. Altering the dose and schedule of PEG-IFN-· profoundly influenced the therapeutic outcome. IFN has been shown to inhibit angiogenesis by decreasing the transcription and protein production of many proangiogenic molecules, such as bFGF, VEGF and MMP-9, which are also survival factors for tumor and endothelial cells (14, 25, 32) . However, different doses of PEG-IFN-· altered the expression of these factors dose-dependently, showing that PEG-IFN-· administered at higher or lower doses was less effective (25, 32) . This regulation is associated with induction of feedback mechanism involving a family of proteins called SOCS (suppressor of cytokine signaling) (33, 34) . To control excessive cytokine effects, higher levels of SOCS1 negatively regulate cytokine signaling and fail to regulate their target genes - e P<0.001.
- Table I . Combination treatment with PEG-IFN-· and paclitaxel induced apoptosis of tumor-associated endothelial cells. (35) . Indeed, we found that, at doses exceeding 125 KU PEG-IFN-·, the expression of bFGF, VEGF and MMP-9 were not reduced by PEG-IFN-· administration ( Figs. 1 and 2) . Therefore, to produce maximal therapeutic effects, IFN must be administered at an optimal biological dose. Further, to achieve the most powerful anti-tumor effect, it is important to determine the most effective schedule of PEG-IFN-· administration. We found chronic treatment (4 weeks) was more effective than short-term treatment (2 weeks) via significant decrease in cell proliferation (Fig. 3 ) and microvascular density (MVD) (Fig. 4) . IFN-· has been widely used alone or in combination with other agents to treat a variety of neoplasms, including melanoma, renal cell carcinoma, bladder cancer and ovarian carcinoma (4, 10, 12, 23, 25, 26) . However, response rates have been modest, and the optimal dosing schedule in glioma has not been determined. We show that administration of PEG-IFN-· at the optimal biological dose and schedule (10 KU, 4-week treatment) in combination with paclitaxel significantly reduced the progressive growth of human glioblastoma cells implanted orthotopically in nude mice in a synergistic fashion (Fig. 5) . The inhibition in tumor size directly correlated with inhibition of cell proliferation and tumor vascularization, and induction of apoptosis, which was revealed by immunohistochemical analysis using antibodies against PCNA and CD31, or TUNEL assay (Figs. 6 and 7) .
The reduction in angiogenesis was mainly due to a significant increase in endothelial cell apoptosis (Fig. 8) . Specifically, PEG-IFN-·/paclitaxel combination enhanced the percentage of apoptotic endothelial cells rather than the tumor cells themselves (Table I ). The following points are noteworthy for combination therapy: i) A low dose of drug can effectively target tumor cells because endothelial cells in the tumor bed are easily accessible by circulation (36) and, by targeting these cells, tumor growth is slowed through regression of its vascular bed. Using lower doses, as in this study, toxicity can be minimized, and therapeutic efficacy maintained. ii) Drug resistance by the blood-brain barrier (BBB) can be avoided, as endothelial cell apoptosis induced by PEG-IFN-· may lead to leaky vessels and increase the tumor penetration of paclitaxel. The increased penetration of paclitaxel allowed by PEG-IFN-· may improve the effect of this chemotherapeutic agent, since prior studies using paclitaxel showed only a modest effect in glioblastoma patients (37) . Major problems for the effectiveness of brain tumor treatments are tumor cell drug resistance, lack of drug penetration caused by the BBB, compensatory mechanisms of tumor cell survival via various survival factors, and the biological and genetic heterogeneity of tumors. Therapy based on the anti-angiogenic activities of PEG-IFN-· resulting in apoptosis of endothelial cells prior to the apoptosis of tumor cells may help overcome these difficulties in brain tumor treatment. Supporting the concept of the anti-angiogenic, and synergistic chemotherapy activity of PEG-IFN-·, preliminary data from an ongoing study of temozolomide plus PEG-IFN-· at 0.5 μg/kg/week in adults with recurrent glioblastoma patients demonstrated a 79% improvement in 6-month progression-free survival over temozolomide as a single agent (Groves et al, Proc ASCO, abs. 1519: S118, 2005).
Collectively, this study demonstrates that combining the optimal biological dose and schedule of PEG-IFN-· with paclitaxel would synergistically impact glioblastoma cell growth. The mechanisms of the significant therapeutic effects were most likely caused by direct down-regulation of the expression of bFGF, VEGF, and, MMP-9; inhibition of cell proliferation; and an increase in apoptosis of tumor-associated endothelial cells. These results suggest that PEG-IFN-·/ paclitaxel combination may provide a novel and effective approach to the treatment of human glioblastoma. 
